A model of a two rotors-ball bearing-gear coupling systems which considering ball defects on bearing was established. In this model the meshing force of gear coupling and ball defects on bearing was considered. A test facility was constructed to verify the simulation results. After simulation and experiment, it was found that there are sideband frequencies beside VC frequency and its multiple frequencies can be found in the faulted rotor system in the spectrum. From the acceleration signal of experiment, it was found the signal of the bearing fault performs as impacts in the high frequency range without any patterns. The characteristics of ball defects of bearing on a two rotors-ball bearing-gear coupling systems were analyzed. It can help analyze the stability of the system and the fault characteristic of ball bearing.
Introduction
Rolling Bearings are widely used in rotating machinery as important supporting component. The failure of bearings may lead to failure of the entire machinery [1] . Depending on research, bearing faults comprise 41% of failures in induction motor [2] .Bearing defects are common faults of rotor-bearing systems including offsized rolling elements, waviness of contacting surfaces, and those developed during operations such as cracks and pits [1] .
Various numerical models have been developed to study the dynamic characteristics of rotor [3] - [9] , many researches are focused with different on ball bearing faults. Changqing developed a bearing model considering the effects of distributed off-size rolling elements and waviness [5] . Kankar [1] focused on the accurate performance prediction due to the localized defects of micro level on the bearing components. McFadden and Smith [5] extended a single point defect model to a multiple points defects model in order to investigate the effects of bearing geometry, speed, load distribution, transfer function and the decay of vibration. Lynagh [8] presents a detailed model of bearing vibration, including the effect of contact spring non-linearity in balls-toraceways' contacts. Eren [9] analyzed stator via wavelet packet decomposition to detect bearing defects. The proposed method enables the analysis of frequency bands that can accommodate the rotational speed dependence of the bearing defect frequencies.
In this paper, a two-rotor-bearing-gear coupling system model with ball defects on ball bearing was established to study the characteristics of ball defects of ball bearing. A test facility was built to verify the simulation results.
Model of Simulation

Ball bearing model of ball defects
Based on the study of Kankar [1] , the model of inner race defect on the ball bearing is established in this section. The defects on the ball of ball bearing are shown in Figure 1 .When the defects of ball contact with inner ring or out ring, the additional clearance μ b can be written as:
The triggering condition of the ball defects contact with inner ring and out ring can be written as:
where
The displacement of ball can be given by:
where μ is the radial clearance of ball bearing δ j is the deformation of bearing, b r is the diameter of the ball; D w is the pitch diameter of the bearing. According to the Hertzian contact theory, the local Hertzian contact force and deflection relationship for ball bearing can be written as:
where k is constant for Hertzian contact elastic deformation.
Gear coupling
In the gear coupling, the meshing in the male and female couplings is asymmetric (as showed in Fig. 2 ), gear teeth of the two half-couplings mesh tightly in the right parts and loosely in the left parts. Consequently, the meshing distance of every tooth is changing. According to the research of Zhao [10] , the meshing force in the gear coupling consist of two parts: (a) the meshing force caused by torque and (b) the meshing force caused by vibration. Figure. 2. Schematic diagram of the gear coupling.
Meshing force caused by torque.
When gear teeth are meshing tightly to transmit a large torque, deformation of a gear tooth is inevitable and the following meshing force is related to the deformation amount, meshing distance and meshing rigidity. From the study of ref [9] , the torque-induced meshing force is given by
where ‫ܨ‬ ் is the meshing force due to torque, ϕ g is the deformation angle of gear tooth, ݈ is the equivalent meshing distance of gear tooth, and k is the meshing rigidity of gear tooth. The ϕ of all gear teeth are the same when the coupling is driven by a static torque.
Meshing force caused by vibration.
when torque is transmitting by gear teeth, a relative movement between the two meshing teeth takes place induced by the system vibration at the same time. As a result, the displacement of meshing nodes causes a deformation of each tooth so that another meshing force is produced and expressed as
where ‫ܨ‬ ் is the meshing force caused by vibration, φ is the position angle of gear tooth, and e is the misalignment of gear coupling.
If there is no torque to transmit, the meshing force will be zero regardless of the vibration displacement, and the meshing force will not be negative. Accordingly, the total meshing force of the ith tooth can be obtained
Then, the reactions of meshing force in the y-axis and z-axis directions of the rotor system are as follows:
Model of rotor
The rotor system studied in this paper (shown in Fig.  3 ) conducts of two shafts, two disks, three ball bearings, a SFD, and a gear coupling. Each shaft has a disk on it, and the two shafts are connected by the gear coupling. The rotor is supported in the "0-2-1" form which means no bearing is mounted in front of the left disk, two bearings are mounted in the middle of the two disks, and one bearing mounted behind the right disk. The two bearings in the middle are both located on the left shaft. In this paper Bearing 1 was assumed to the defects bearing. The equations of Model can be written as 
Results of Simulation
In this study, the differential equations of motion are solved by the fourth order Runge-Kutta method. The time step of the iterative procedure is ∆t=1×10-5s. The time varying data corresponding to the first 500 periods generated by the numerical integration is deliberately excluded in order to discard the transient solutions. Fig. 4 shows the response of a normal system and ball defects on bearing system when ω=600 r/min. In Fig. 4(a) , it is easy to find the VC frequency and 2VC frequency which represents the ball passage frequency, the motion of the rotor is periodic. In Figure 4(b) , the time domain signal of the system has great change, the amplitude of vibration has much increase at times and then decreases sharply. In the spectrum, there are sideband frequencies beside VC frequency and its multiple frequencies can be found in the faulted rotor system. Fig. 5 shows the response of a normal system and ball defects on bearing system when ω=1000 r/min. The characteristics of the signal in Figure 5 are similar to it in Fig. 4 . With the increasing of speed, the amplitude of high frequency which is caused by ball defects is almost unchanged compared to the increase in fundamental frequency.
Experimental verification
Experimental rotor system
In this paper, the test facility is built to simulate a compressor rotor system. Fig. 6 shows the overall test setup and the details of the ball bearing.
As discussed in Fig. 6 system component in the test rig is the same. The AC motor is used to drive the rotor and the rotating speed is controlled by a programmable logic controller. Accelerometers and Eddy current sensors are distributed to the experiment bench to get the displacement signal and acceleration signal. order to simulate the ball bearing fault, a groove is on the surface of ball by electrical discharge machining,which is shown in Fig. 5 . Fig. 7 shows the Displacement signal and Acceleration signal of rotor system with ball defects when ω=600 r/min, and Figure 8 shows the responses of the system at 1000r/min. From Figure 7 (a), the motion of the rotor is periodic and the energy of frequency is focused on the low frequency which between 0 to the fundamental frequency. From Figure 8 (a), the largest frequency is between 0 to the fundamental frequency and a frequency appears between fundamental frequency to 2*fundamental frequency. The characteristic of ball defects is not easy to find from figures. After analysis, it is found that, the displacement signal of experiment is not suitable to study the ball defect faults. Therefore the acceleration signal is selected to study the fault characteristic.
Results of Experiment
From Fig. 7(b) , it can be found that the signal of the bearing fault performs as impacts in the high frequency range without any patterns, from Figure 8 
Conclusion
In this paper, a two-rotor-bearing-gear coupling system model with ball defects on ball bearing to study the characteristics of ball defects of ball bearing. A test facility is built to verify the simulation results. After simulation and experimental analysis, some conclusions are obtained:
1) For the rotor system with the inner race defects on ball bearing, it is found that there is significant change on the dynamic characteristics of the rotor. According to the spectrum diagram of rotor system, there are all kinds of frequency especially high frequency appears under the ball bearing faults. 2) From the results of experiment, it is found that the characteristics of ball defects are not obvious on displacement signal, but acceleration signal reflects the characteristics of ball defects. The results show the dynamic characteristics of ball defects on the two rotors system. It can help analyze the stability of the system and the fault characteristic of ball bearing.
